Clinical and epidemiological studies support a connection between obesity and thrombosis, involving elevated expression of the prothrombotic molecules plasminogen activator inhibitor-1 and tissue factor (TF) and increased platelet activation. Cardiovascular diseases and metabolic syndrome-associated disorders, including obesity, insulin resistance, type 2 diabetes, and hepatic steatosis, involve inflammation elicited by infiltration and activation of immune cells, particularly macrophages, into adipose tissue. Although TF has been clearly linked to a procoagulant state in obesity, emerging genetic and pharmacological evidence indicates that TF signaling via G protein-coupled protease activated receptors (PAR2, PAR1) additionally drives multiple aspects of the metabolic syndrome. TF-PAR2 signaling in adipocytes contributes to diet-induced obesity by decreasing metabolism and energy expenditure, whereas TF-PAR2 signaling in hematopoietic and myeloid cells drives adipose tissue inflammation, hepatic steatosis, and insulin resistance. TF-initiated coagulation leading to thrombin-PAR1 signaling also contributes to diet-induced hepatic steatosis and inflammation in certain models. Thus, in obese subjects, clinical markers of a prothrombotic state may indicate a risk for developing complications of the metabolic syndrome. Furthermore, TF-induced signaling could provide new therapeutic targets for drug development at the intersection between obesity, inflammation, and thrombosis.
Introduction
Evidence from clinical and epidemiological studies have clearly established that obesity predisposes to cardiovascular diseases, insulin resistance, and type 2 diabetes (T2D). 1, 2 Central obesity is specifically associated with cardiovascular mortality 3, 4 and obesity is a significant risk factor for developing arterial thrombosis and venous thromboembolism. 5, 6 Moreover, the incidence of venous thromboembolism correlates with epicardial fat thickness 7 and abdominal obesity. 8 Additional important risk factors for venous thromboembolism in obese subjects include inflammation, decreased fibrinolysis, increased thrombin generation, and platelet hyperactivity. 9 Interventions such as diet, exercise, and gastric bypass surgery not only result in weight loss and reduced visceral adipose tissue mass, but also improve insulin sensitivity, delay the onset of T2D, and prevent cardiovascular disease. Importantly, weight loss-induced metabolic improvements also reduce levels of prothrombotic mediators, such as plasminogen activator inhibitor-1 (PAI-1) 10 and tissue factor (TF), 11, 12 and ameliorate chronic inflammation and platelet dysfunction. 13 Here, we review
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TF is a 47 kDa transmembrane glycoprotein that initiates the coagulation cascade by serving as the cell surface receptor for coagulation factor VIIa (FVIIa). TF belongs to the cytokine receptor family, but unlike cytokine receptors, the 23 amino acid cytoplasmic tail of human TF lacks tyrosine kinase recruitment motifs and is instead involved in the regulation of integrin function and cell migration. [14] [15] [16] A soluble, alternatively spliced isoform of TF lacks the transmembrane anchoring region of full-length TF and has a truncated extracellular domain and a unique carboxyl terminus. This alternatively spliced TF also ligates endothelial integrins and regulates angiogenesis and monocyte recruitment. 17, 18 The extrinsic coagulation pathway is triggered by the formation of cell surface-or microparticle-associated TF-FVIIa complexes, which leads to FXa-mediated generation of the downstream coagulation protease thrombin, followed by fibrin deposition and platelet activation. Of relevance for hemostasis, TF forms a hemostatic envelope around vital organs, and is constitutively expressed in skin and gastrointestinal tract epithelia, uterus, placenta, brain, lungs, smooth muscle, and adventitial cells surrounding blood vessels. In contrast, myelo-monocytic cells and perhaps platelets express low levels of inactive TF. Inflammatory mediators are able to activate these cryptic cell surface pools of TF through protein disulfide isomerase-dependent thiol-disulfide exchange, 19 and can induce transcriptional upregulation 20 and mRNA splicing 21 to increase the levels of blood-borne TF in the vascular compartment.
Evidence for a hypercoagulable state in obesity and T2D
There is strong clinical evidence that the TF pathway is upregulated in obesity and the metabolic syndrome. Elevated levels of blood-borne or circulating TF are a biomarker for the severity of microvascular disease in T2D patients. 30, 31 Clinical and epidemiological studies of obese and T2D patients have identified changes in markers of the prothrombotic state that are recapitulated in animal models, making such models highly valuable in deciphering the mechanisms by which the hemostatic system contributes to obesity and the metabolic syndrome. In mice, obesity promotes accelerated arterial thrombosis and is associated with elevated levels of circulating TAT complexes. 32 In genetically or high fat diet (HFD)-induced obese mice, TF activity is increased in the blood and adipose tissues, and TF mRNA levels are increased in adipocytes and adiposeinfiltrating macrophages. [33] [34] [35] Similar to humans, calorie restriction and weight loss results in reduced levels of plasma FVII coagulant activity and adipose tissue inflammation.
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Obesity is also associated with increased platelet activation, 37 an event that has implications for both thrombosis and inflammation. 38 Several platelet activation markers are elevated in obese and T2D subjects, including the mean platelet volume, circulating levels of platelet microparticles, thromboxane B2 metabolites, soluble P-selectin, and platelet-derived CD40L, a proinflammatory molecule that induces TF expression in monocytes 39 and endothelial cells. 40 Platelets respond to chronic inflammation by altering mRNA splicing and protein expression. 38 In obesity, transcriptional changes in activated platelets amplify inflammatory processes through pleiotropic interactions with vascular, immune, and stromal cells. Furthermore, platelet function is modulated by several key regulators of body weight and metabolism. For example, platelet-dependent thrombosis is increased by leptin, the satiety hormone produced primarily by the adipose tissue, and is decreased by adiponectin, an insulin-sensitizing adipokine produced exclusively by adipocytes. 37 Obesity is also thought to cause resistance to anti-platelet therapy. 37 Insulin receptor-mediated signaling sensitizes platelets to the anti-aggregatory actions of prostaglandin I2 and nitric oxide; thus, insulin resistance in platelets contributes to platelet hyperactivity in obesity and T2D. In addition, adhesion-induced and thromboxane A2-dependent TF expression in platelets is inhibited by insulin in normal subjects, but is increased in obese,
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TF regulation in obesity
Several hormonal and metabolic changes affect signaling and contribute to elevated TF expression in obesity.
Induction of TF in monocytes has been studied in detail and shown to be dependent on the coordinated activation of toll-like receptor (TLR)-dependent nuclear factor-кB (NF-кB) and Jun N-terminal kinase (JNK) signaling pathways. 20 In the local environment of obese adipose tissues, increased lipolysis leads to the release of free fatty acids that activate NF-кB and JNK signaling cascades in adipocytes and adipose tissue macrophages (ATM). 42 A role for lipolysis in TF induction was confirmed by the finding that TF expression in adipocytes is increased by palmitate (Samad, unpublished observations), the most abundant plasma free fatty acid in obesity. Leptin, which is markedly increased in leptin-resistant obese individuals, is able to increase functional TF in human peripheral blood mononuclear cells and neutrophils via Janus kinase 2-dependent mechanisms. 43 Treatment of 3T3-L1 adipocytes with leptin or injection of leptin into lean mice also induces adipose tissue TF expression (Samad, unpublished observations 45 . TF gene induction is also regulated epigenetically via histone acetylation. Inhibition of the protein deacetylase sirtuin-1 promotes TF expression and activity in endothelial cells via the NF-кB/p65 pathway and also induces arterial thrombi. 46 Of note, sirtuin-1 expression is reduced in ATM from HFD-induced obese mice and correlates with adipose macrophage inflammation. 47 Interestingly, a number of mediators that protect from obesity and insulin resistance are known to decrease TF expression. For example, peroxisome proliferatoractivated receptor-α (PPARα) agonists, which increase energy expenditure and fatty acid oxidation, inhibit TF For personal use only. on October 24, 2017. by guest www.bloodjournal.org From expression in human monocytes and macrophages. 48 Metformin, an anti-diabetic agent that decreases weight and reduces atherothrombotic disease, suppresses TF in monocytes via an early growth response 1-dependent pathway. 49 Obesity and T2D also correlate with low levels of adiponectin. 50 In obese mice, TFFVIIa signaling blunts the production of adiponectin by adipocytes and may contribute to decreased levels of this adipokine. 35 Conversely, adiponectin inhibits TNF-α-induced TF expression in human endothelial cells through inhibition of NF-κB signaling.
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TF-initiated cell signaling events in inflammation
The TF pathway contributes to innate immunity at several levels. The procoagulant and hemostatic functions of TF play a role in defense against infectious microorganisms, 52,53 and highly selective interactions of platelets or fibrin with leukocytes and macrophages are crucial for amplifying acute and chronic inflammatory responses. 54, 55 Indeed, thrombin generated by TF-initiated coagulation is a key signaling protease with pleiotropic proinflammatory effects. Thrombin-platelet signaling in hemostasis and thrombosis has served as a paradigm to understand the molecular mechanisms of protease activated receptor (PAR)-dependent signaling. 56 Extracellular proteolysis of a PAR generates an endogenous tethered ligand that initiates G protein-coupled signaling. Thrombin cleaves PAR1, 3, and 4, whereas a variety of other proteases cleave and activate PAR2. 57 PAR signaling is generally conserved between mouse and man, with the notable exception that PAR1 and PAR4 are the primary thrombin receptors in human platelets, whereas PAR3 and PAR4 serve this function in mouse platelets.
Several additional coagulation proteases can activate PARs in association with other cell surface receptors.
This allows limited amounts of coagulation proteases to elicit profound cellular effects in the absence of significant levels of thrombin, such as those typically generated in the context of a hemostatic response.
Specifically, TF interacts with upstream coagulation proteases to form two distinct cell signaling complexes that cleave PARs and directly influence inflammatory reactions 58 ( Fig. 1 ). In the ternary TF-FVIIa-FXa coagulation initiation complex, FXa is the primary activator of PAR1 or PAR2. Formation of this ternary complex is inhibited by lipid-raft localized TF pathway inhibitor (TFPI), which also regulates signaling by the complex. 59 Importantly, the endothelial protein C receptor (EPCR) is required for FXa-dependent PAR cleavage by the ternary complex
For personal use only. on October 24, 2017. by guest www.bloodjournal.org From in both human and murine cells. 60 EPCR has well-established roles as a co-receptor for anti-inflammatory and cytoprotective activated protein C (aPC) signaling through PAR1. 61 EPCR binds with similar affinity to FVIIa and aPC. 62 Although ligation of EPCR by aPC or FVIIa have important roles in regulating endothelial cell functions, emerging evidence indicates that EPCR plays a pivotal role in promoting inflammation as a cofactor for FXa in signaling by the TF-FVIIa-FXa complex on hematopoietic cells. 63 In contrast to the ternary TF-FVIIa-FXa complex interaction with PAR1 or PAR2, the binary TF-FVIIa complex initiates an alternative direct TF signaling pathway by cleaving only PAR2 (Fig. 1) . In myelo-monocytic cells and macrophages, TF is typically coagulation inactive (encrypted) 64 . This coagulation inactive TF initiates binary TF-FVIIa signaling in association with integrin β 1 cell adhesion receptors 65 and regulates cell migration through a mechanism involving phosphorylation of the TF cytoplasmic domain 14 . Interestingly, evidence that direct TF signaling contributes to both tumor progression and inflammation has come from studies with an antibody (10H10) that specifically inhibits this TF-FVIIa signaling complex without interfering with coagulation. 65 
TF cytoplasmic tail-dependent signaling promotes obesity
Although the association of TF with thrombotic complications in cardiovascular diseases is clear, TF also makes coagulation-independent contributions to the pathophysiology of obesity. TF obesity and insulin resistance. 35 In obese adipose tissue, TF is expressed in multiple cell types including 8 adipocytes and ATM. [33] [34] [35] Bone marrow chimeric mice showed that the obesity-resistant phenotype is dependent on TF cytoplasmic domain-PAR2 signaling in non-hematopoietic cells. In addition, treating obese mice with an antibody that blocks TF-FVIIa binding rapidly improves metabolism and fatty acid oxidation independently of weight reduction and changes in food intake or activity.
In cultured primary adipocytes, TF cytoplasmic tail-dependent signaling of the TF-FVIIa complex blunts both basal and insulin-mediated Akt (Protein Kinase B) activation and alters the expression of several Akt target genes causally linked to weight gain, including adiponectin, PPARα, uncoupling protein-2, PAI-1, and TNF-α. 35 TF-dependent regulation of these genes in adipocytes in vivo has been confirmed by studies in which bone marrow chimeric mice expressing mouse TF only in non-hematopoietic cells were treated with a mouse TFspecific antibody. TF-regulated expression of adiponectin by adipocytes has central effects on body weight reduction and also regulates glucose uptake, AMP-activated protein kinase (AMPK) activation, and fatty acid oxidation. 72 Thus, TF-VIIa-mediated suppression of adiponectin reduces energy expenditure, thereby contributing to an obese phenotype (Fig. 2) . In addition to signaling through G proteins, PAR2 also signals in a G protein-independent manner through cytosolic recruitment of β -arrestin 2. In adipocytes, PAR2 signaling through β -arrestin suppresses AMPK activation, 73 but the significance of this pathway remains to be fully elucidated.
TF-PAR2 signaling in hematopoietic cells promotes adipose tissue inflammation and insulin resistance
Obesity-associated chronic inflammation plays an important role in the development of insulin resistance, and visceral adipose tissue is a crucial player in this process. Infiltration of macrophages and other immune cells into adipose tissue is more extensive in obese humans and mice than in lean subjects (Fig. 3) , and ATM play a significant role in systemic insulin resistance, T2D, and the metabolic syndrome. 74, 75 Typically, macrophages participate in tissue homeostasis and express inflammation or angiogenesis regulatory genes when activated. 76 Tissue macrophages display remarkable plasticity and can be activated by a variety of environmental cues to display an inflammatory phenotype (M1 macrophages) or a spectrum of alternatively activated phenotypes (M2 macrophages).
For (Fig. 3) and secrete TNF-α, interleukin 1β (IL-1β) , and IL-6, which reduce insulin sensitivity in target cells, specifically adipocytes, hepatocytes, and muscle cells. The initial cues for the recruitment of macrophages into the adipose tissue are chemokines produced by hypertrophic adipocytes, including monocyte chemoattractant protein-1, chemokine (C-X-C motif) ligand 1, and leukotriene B4. Once recruited, ATM are retained and subsequently activated by binding of free fatty acids and other endogenous danger signals to TLRs, which propagates and sustains the inflammatory response. 74, 75 Thus, the switch in ATM phenotype from an alternatively activated M2-polarized anti-inflammatory state (surface phenotype F4/80 + CD11b + CD11c -) in lean animals to an M1 proinflammatory state (F4/80 + CD11b + CD11c + ) in obese animals constitutes a key event in the development of insulin resistance (Fig.   3 ). Moreover, M2 macrophage-derived anti-inflammatory genes such as IL-10 are expressed at higher levels in lean than in obese mice, where they counteract the effects of proinflammatory cytokines to improve insulin sensitivity of target tissues. 74, 75 Although the number of M1 macrophages in adipose tissue is known to correlate with insulin resistance, it is becoming increasingly clear that ATM do not display fixed phenotypes, but are able to express alternative cytokine profiles in response to changing environmental cues. Crucial regulators for the recruitment and phenotypic maturation of ATMs have been identified, but signals that sustain their proinflammatory phenotype in obesity remain an area of intense investigation. The NF-кB and JNK signaling pathways that promote the development of M1 ATM also induce TF in monocytes. 20 In the inflammation-prone epididymal visceral adipose tissue, TF expression is higher in proinflammatory CD11b + CD11c + than in CD11b + CD11c-macrophages.
Interestingly, HFD-fed chimeric mice lacking the TF cytoplasmic tail or PAR2 in hematopoietic cells have markedly fewer M1 ATM compared with HFD-fed wild-type mice. 35 Thus, TF signaling in myeloid cells specifically contributes to the recruitment and/or retention of proinflammatory ATM (Fig. 2) . These data are consistent with studies showing that TF plays roles in the regulation of reverse endothelial transmigration by monocytes and the maturation of dendritic cells, as well as in cell migration via phosphorylation-dependent crosstalk between integrins and the TF cytoplasmic domain. 14, 77 In this context, it is of interest that mutation of In addition to their roles in macrophage recruitment, TF and PAR2 also regulate the activation of myeloid cells. 66, 69 In microglia, LPS signaling in PAR2-expressing cells induces TNF-α and IL-6 production, whereas IL-10 is increased in PAR2-deficient cells. 79 ATM from mice lacking the TF cytoplasmic domain or PAR2 in hematopoietic cells show reduced production of the proinflammatory cytokine IL-6 and increased production of the anti-inflammatory cytokine IL-10 in response to HFD feeding (Fig. 2) . Because free fatty acids, and potentially other endogenous danger signals produced by stressed adipocytes, activate ATM through TLR4, 80 the attenuated inflammatory phenotype in PAR2 -/-mice is consistent with studies demonstrating that PAR2
associates with and contributes to activation of TLR4. 71 The inflammatory changes in mice deficient in hematopoietic TF signaling have minimal influence on adiposity and weight gain, but markedly improve insulin sensitivity, overall glucose homeostasis, and hepatic steatosis. 35 Increasing evidence suggests that adipose dysfunction and not adiposity per se drives insulin resistance. For example, overexpression of adiponectin in obese mice leads to adipose tissue expansion without inflammation, and maintains insulin sensitivity despite profound obesity. 81 Similarly, obese macrophage galactose-type C type lectin 1-deficient mice are protected from glucose intolerance, insulin resistance, and steatosis despite having more visceral fat. 82 Adipocyte-specific deletion of the nuclear receptor co-repressor NCoR increases adipogenesis and improves systemic insulin sensitivity. 83 Thus, adipose tissue expansion alone is not sufficient to cause insulin resistance in all contexts, and the loss of hematopoietic TF-PAR2 signaling may promote a state of "healthy" obesity. Indeed, a switch in inflammatory cytokine profile and improvement in insulin sensitivity can be achieved by targeting the hematopoietic compartment with the anti-TF antibody 10H10, which disrupts the TF-FVIIa-β1 integrin complex without inhibiting coagulation or downstream coagulation signaling. 58, 65 However, the precise contribution of TF-FVIIa versus TF-β1 integrin signaling pathways to the macrophage inflammatory phenotype in obesity remains to be determined (Fig. 2) . The improved insulin sensitivity observed in 10H10-treated mice was associated with a rapid downregulation of TNF-α and IL-6 and upregulation of IL-10 ( Fig. 2) . This rapid phenotypic switch in ATM in response to TF inhibition is reminiscent of the improved insulin sensitivity and repolarization of macrophages observed in mice after moving from a HFD to a diet low in fat, 84 or after treating obese mice with omega-3 fatty acids 85 or thiazolidinediones. 86 These observations emphasize the plasticity of ATM phenotypes in vivo, and further show that conversion from an M1
proinflammatory to an M2 anti-inflammatory phenotype coincides with increased insulin sensitivity.
While the role of proinflammatory ATM in promoting insulin resistance is well documented, it is becoming increasingly clear that ATM are embedded in regulatory networks involving other immune cells, including T cells, B cells, eosinophils, mast cells, and neutrophils, which participate in the chronic inflammatory response observed in obesity (Fig. 3) . 74, 87 Mast cell tryptase and neutrophil-secreted proteases therefore represent additional potential mechanisms for activation of PAR2 in the adipose tissue. 88 In support of this, neutrophils infiltrate obese adipose tissue early after the initiation of a HFD, and increased levels of neutrophil elastase activity are observed in plasma of obese subjects and adipose tissues of obese mice. 89 Genetic and pharmacological studies indicate that neutrophil elastase promotes obesity via regulation of AMPK activity and fatty acid oxidation, and additionally decreases expression of high molecular weight adiponectin, enhances proinflammatory responses, and increases insulin resistance. 89 Although elastase produces a disarming cleavage of PAR2, recent data indicate that the alternative tethered ligand of PAR2 retains biased agonist activity, 88 suggesting that elastase may exert its obesity-promoting effects, at least in part, by modulating PAR2
signaling.
Adipocyte-macrophage interactions and prothrombotic responses
TF expressed by myelo-monocytic cells typically remains in a non-coagulant or cryptic state. However, complement activation and danger signals associated with cell damage can rapidly induce TF procoagulant activity through a mechanism that requires thiol-disulfide exchange and protein disulfide isomerase. 19, 64 Extracellular ATP triggers the macrophage P2X7 receptor to activate TF and generate prothrombotic microparticles, 64 and this signaling pathway also triggers the release of the proinflammatory cytokines IL-1β
and IL-18. 90 In vivo, extracellular ATP can be released from apoptotic and necrotic cells, providing an interesting mechanism not only for TF activation but also for P2X7-dependent inflammation. 91 The adipose tissue in obesity is characterized by increased adipocyte hypertrophy and cell death. Macrophages are closely associated with apoptotic adipocytes in "crown-like structures", thus facilitating paracrine crosstalk specific for the obese adipose tissue. Indeed, apoptotic adipocytes contribute to the progression of adipose tissue 92 Release of free fatty acids due to increased lipolysis, typically observed in obese insulinresistant adipose tissues, could increase the expression of TF as well as the P2X7 receptor. 93 In this scenario, ATP released from adipocytes might trigger local coagulation and inflammation through activation of the P2X7 receptor. In support of possible crosstalk between adipocytes and macrophages, fibrin deposition is increased in obese adipose tissue in regions of crown-like structures (Fig. 4) . In addition, complement activation occurs in obese adipose tissue, 94 which may provide an alternative mechanism for TF prothrombotic activation. 19 Coagulation activation through TF expressed on non-hematopoietic cells induces PAI-1 expression by adipocytes and indirectly supports TNF-α and IL-6 production by macrophages. 35 These results suggest that the adipose tissue microenvironment is prone to increased local fibrin deposition. Moreover, the elevated levels of glucose seen in diabetes cause posttranslational modifications of plasminogen that impair fibrinolysis, 95 which may exacerbate the inefficient removal of fibrin and thereby enhance the retention and activation of proinflammatory ATM. Indeed, integrin
2 -fibrin interactions are crucial for macrophage activation and inflammatory cytokine production, providing another unexplored pathway by which TF prothrombotic activity may sustain inflammation and the metabolic syndrome. 54, 96 Furthermore, thrombin increases the release of inflammatory cytokines and growth factors from adipocytes and inhibits insulin-stimulated Akt activation. 97, 98 In genetically obese (db/db) mice, treatment with a selective thrombin inhibitor ameliorates insulin resistance and ATM infiltration. 98 In mice fed a diet deficient in methionine and choline, a model of hepatic steatosis, TFdependent thrombin generation and PAR1 signaling drive macrophage and neutrophil accumulation as well as hepatic inflammation. 99 Similarly, PAR1 deficiency decreases inflammation and steatosis in mice fed a Western diet. 100 Although these data underscore the role of TF-mediated coagulation responses in various aspects of the metabolic syndrome, much remains to be elucidated, including the precise cellular targets of TF and the mechanisms eliciting these responses.
Conclusion
Obesity has reached epidemic proportions in Western societies and is a strong risk factor for the development of insulin resistance, T2D, and cardiovascular disease. Nevertheless, the molecular events that promote these conditions remain incompletely defined. Treatment options remain limited, in part due to the challenge of For personal use only. on October 24, 2017. by guest www.bloodjournal.org From identifying suitable drug targets among the complex series of signaling pathways and cellular mediators that control the metabolic syndrome. Accumulating evidence supports a role for TF signaling in the development of multiple aspects of the metabolic syndrome, including obesity, insulin resistance, and hepatic steatosis.
Although adipose tissue inflammation promotes systemic hypercoagulability and insulin resistance, TF signaling via G protein-coupled receptors adds a new dimension to the connections between obesity and the hemostatic system. Additional studies will be required to identify the specific proteases that activate adipocyte PAR2 and to decipher how these signaling events are coupled to β -arrestin pathways and suppression of downstream AMPK signaling in promoting the obese phenotype. The multicellular interactions that favor adipocyte-macrophage crosstalk and induction of adipose tissue inflammation also need to be unraveled.
Further elucidation of the complex interactions between coagulation signaling cascades and the metabolic syndrome are likely to uncover additional targets that could be selectively modulated to correct the metabolic dysfunction and to reduce the thrombotic risk and cardiovascular complications of obesity. 
